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The first step in bacterial cytokinesis is the assembly of a stable but dynamic cytokinetic ring made up of the essential tubulin
homolog FtsZ at the future site of division. Although FtsZ and its role in cytokinesis have been studied extensively, the precise
architecture of the in vivo medial FtsZ ring (Z ring) is not well understood. Recent advances in superresolution imaging suggest
that the Z ring comprises short, discontinuous, and loosely bundled FtsZ polymers, some of which are tethered to the mem-
brane. A diverse array of regulatory proteins modulate the assembly, stability, and disassembly of the Z ring via direct interac-
tions with FtsZ. Negative regulators of FtsZ play a critical role in ensuring the accurate positioning of FtsZ at the future site of
division and in maintaining Z ring dynamics by controlling FtsZ polymer assembly/disassembly processes. Positive regulators of
FtsZ are essential for tethering FtsZ polymers to the membrane and promoting the formation of stabilizing lateral interactions,
permitting assembly of a mature Z ring. The past decade has seen the identification of several factors that promote FtsZ assem-
bly, presumably through a variety of distinct molecular mechanisms. While a few of these proteins are broadly conserved, many
positive regulators of FtsZ assembly are limited to small groups of closely related organisms, suggesting that FtsZ assembly is
differentially modulated across bacterial species. In this review, we focus on the roles of positive regulators in Z ring assembly
and in maintaining the integrity of the cytokinetic ring during the early stages of division.

Bacterial cytokinesis is mediated by a macromolecular protein
machine that is accurately positioned in space and time during

the cell cycle. The earliest defined event during cytokinesis is the as-
sembly of a polymeric FtsZ structure at the site of future division
known as the FtsZ ring, or Z ring (1). The Z ring serves as a scaffold for
the recruitment of other division proteins (2–5). FtsZ, a tubulin ho-
molog, forms homopolymeric linear protofilaments upon binding
GTP, and these filaments subsequently disassemble upon hydrolysis
of the bound nucleotide (6–9). Approximately 30% of cellular FtsZ is
present in the ring, and fluorescence recovery after photobleaching
(FRAP) studies reveal that there is dynamic exchange between FtsZ
molecules in the ring polymers and FtsZ monomers or short oligom-
ers in the cytoplasm (10, 11).

In Escherichia coli and Bacillus subtilis, cytokinesis can be separated
chronologically into the following three steps: (i) assembly and stabi-
lization of the Z ring at the future division site and, following a lag, (ii)
recruitment of downstream division proteins, many of which are es-
sential to form a constriction-competent division complex, and
lastly, (iii) constriction of the Z ring coordinated with synthesis and
splitting of septal peptidoglycan, leading to invagination of the cell
membrane and division into two daughter cells (Fig. 1A) (2, 12, 13).
The force required for constriction is likely generated, at least in part,
by the remodeling of the nucleotide-bound FtsZ filaments tethered to
the membrane (14–16).

In Caulobacter crescentus (a model species for studying asym-
metric cell division, cell polarity, and cellular differentiation), the
division machinery assembles in at least seven different stages,
coordinated with cellular events such as chromosome segregation,
cell elongation, septal invagination, and cell separation (17). For
excellent recent reviews on FtsZ and the overall process of bacte-
rial cytokinesis, the reader is referred to references 2–5 and 18.

IN VIVO ULTRASTRUCTURE OF THE Z RING

Conventional fluorescence microscopy data from E. coli and B.
subtilis describe dynamic helical precursors of FtsZ which coalesce
into a single tight-pitched transverse ring at the site of future di-

vision (19–22), suggesting that FtsZ may retain a conserved helical
character (3). In vitro, FtsZ alone forms multiple rings when arti-
ficially tethered to tubular liposomes, indicating the capacity of
membrane-bound FtsZ to assemble independent of other division
proteins (14, 15). However, superresolution imaging of the Z ring
suggests that FtsZ polymers do not exist in a continuous closed
confirmation and also fails to describe extended helical FtsZ struc-
tures. Instead, the superresolution microscopy findings indicate
that the precise configuration of the Z ring may vary across bac-
terial species. In E. coli, photo-activated light microscopy (PALM)
images of FtsZ are consistent with a loose bundle of randomly
overlapping FtsZ protofilaments at the midcell division site (23).
In Bacillus, recent three-dimensional simulated illumination mi-
croscopy (3D-SIM) imaging reveals the Z ring to also be discon-
tinuous, with FtsZ arranged in a “bead-like” pattern wherein
densely populated regions of FtsZ polymers are interspersed with
regions devoid of or with very few FtsZ polymers (24). In Caulo-
bacter, cryotomography images of cells show sparse, short, non-
overlapping FtsZ protofilaments that do not form a continuous
ring structure at midcell (25).

A pressing question in the field is how the Z ring is organized such
that it forms a dynamic yet stable structure during cytokinesis. Two
lines of evidence support the idea that Z ring polymers are likely held
together by lateral associations in the cell. First, a myriad of regulatory
proteins have been discovered in many bacteria that colocalize with
FtsZ at midcell and stabilize the Z ring. These FtsZ regulatory proteins
bind and promote lateral associations among FtsZ polymers in vitro.
Second, a recent study indicates that FtsZ homologs from E. coli and
B. subtilis have inherently varying assembly properties in vitro, and
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when these inherent bundling propensities are altered in mutant and
chimeric proteins in vivo, cytokinesis is impaired (26). While FtsZ-
FtsZ lateral bond energy is weak to nonexistent, the precise molecular
nature of FtsZ lateral associations as mediated by FtsZ modulatory
proteins is undetermined (5).

FtsZ REGULATORY PROTEINS AND Z RING FORMATION

The cellular levels of FtsZ remain essentially constant throughout
the cell cycle in E. coli and B. subtilis, and therefore, spatial and

temporal regulation of bacterial cytokinesis must largely be via
control of FtsZ assembly and disassembly in these species (27). In
Caulobacter, the abundances of FtsZ transcript and protein are
tightly linked to cell cycle regulation, and this linkage constitutes
an additional layer of control on FtsZ assembly/disassembly pro-
cesses in this species (28, 29). Several regulatory proteins bind FtsZ
directly and modulate the spatiotemporal integrity of the Z ring in
vivo. FtsZ regulatory proteins can be broadly classified as either
negative or positive. (i) Negative factors, also known as FtsZ in-

FIG 1 (A) Schematic of FtsZ assembly, maturation, and disassembly, depicted during different stages of the bacterial cell cycle. In a newborn cell, FtsZ is present
as unassembled monomers or short oligomers. The chromosome (black curved lines) with a single origin of replication (red oval) is shown. Toward the end of
chromosome replication and segregation, FtsZ (blue circles) polymerizes at the future site of division and is tethered to the membrane by specific FtsZ-interacting
proteins. During this first step in cytokinesis, early divisomal proteins that directly bind FtsZ and promote lateral associations among FtsZ polymers stabilize the
Z ring. During the second step in cytokinesis, maturation of the initial Z ring complex takes place by recruitment of downstream division proteins to the division
site. The final step in cytokinesis constitutes the depolymerization and constriction of the Z ring, followed by separation into two daughter cells. (B) Domain
organization of FtsZ with interaction sites for species-specific FtsZ regulators affecting the assembly and stability of the nascent Z ring during cytokinesis. The
domain structure is not drawn to scale and shows amino acid residue numbers from the E. coli FtsZ sequence. The amino acid residues of the conserved CTT
(C-terminal tail) and the CTV (C-terminal variable) regions of FtsZ in the three well-studied species are indicated below. FtsZ regulators conserved in all three
species are shown in black, those found in E. coli are shown in red, and those in B. subtilis are shown in green. EzrA, a negative regulator of FtsZ in Bacillus, is
included in this diagram because of its potential role in tethering FtsZ to the membrane. The FtsZ interaction sites of ZapB from E. coli and FzlA and FzlC from
Caulobacter are currently undetermined.
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hibitors, prevent Z ring polymerization at the poles or over the
nucleoid and maintain the dynamics of the Z ring at the future
division site. (ii) Positive factors, also known as FtsZ stabilizers,
aid in the assembly and maturation of a stable Z ring. Generally,
positive factors would be required to perform any of three func-
tions—to nucleate, tether, and/or stabilize FtsZ polymers at the
site of future division. The existence of an FtsZ nucleator is con-
sidered likely given that negative regulation of FtsZ polymeriza-
tion by FtsZ inhibitors alone is insufficient for precise localization
of the Z ring at the future site of division in B. subtilis (30). More-
over, in certain bacteria that lack the canonical negative regulators
of FtsZ, accurate Z ring placement at the future division site takes
place by positive regulation. In sporulating cells of Streptomyces
coelicolor, the actinomycete-specific membrane-associated divi-
some protein SsgB recruits and tethers FtsZ to the division site via
direct interactions (31). The orthologous SsgA, which is also re-
stricted to the Actinomycetes, mediates the localization of SsgB (31,
32). In vegetatively growing Myxococcus xanthus (deltaproteobac-
terium), a positive regulator of FtsZ, PomZ, is proposed to iden-
tify the future division site, recruit FtsZ to this site, and stabilize
the Z ring (33).

In addition to regulation of FtsZ polymerization, interactions
between FtsZ polymers and the cell membrane and of FtsZ poly-
mers with each other are both critical to the formation of a func-
tional Z ring. FtsZ has no intrinsic affinity for cell membrane, but
tethering of FtsZ to the membrane is essential for formation of Z
rings (34). Depletion of either essential division protein, FtsA or
ZipA, which serve to link FtsZ to the membrane, is lethal in E. coli
(34, 35). Maintaining lateral interactions among FtsZ polymers in
the Z ring is also critical. Deletion of two or more Z ring stabilizers
known to promote FtsZ polymer associations in vitro reduces cell
viability (36–38).

EVOLUTION OF FtsZ AND POSITIVE REGULATORS OF FtsZ

FtsZ is a highly conserved ancient protein present in most bacte-
ria, many archaea, all chloroplasts, and some primitive mitochon-
dria (5). FtsZ consists of four discrete domains: a short, unstruc-
tured N-terminal region consisting of the first 10 amino acids, a
globular core containing the nucleotide binding region and the T7
synergy loop required for nucleotide hydrolysis, an unstructured
linker of variable length, and a C-terminal tail (CTT) consisting of
a highly conserved set of residues and acting as a landing pad for
both conserved and diverse FtsZ-interacting proteins (Fig. 1B)
(5). Recently, the extreme C terminus of FtsZ was defined as the
C-terminal variable (CTV) domain due to its diversity in length
and amino acid sequence across various species (26). The net
charge of the CTV region was shown to impact the assembly prop-
erties of FtsZ molecules in vitro. For instance, FtsZ of B. subtilis
with its positively charged CTV bundled FtsZ protofilaments
more efficiently than E. coli FtsZ with a net neutral CTV (26). The
importance of CTV charge and perhaps FtsZ assembly properties
in vivo was revealed when a B. subtilis FtsZ fused to an E. coli CTV
displayed impaired Z ring formation and cytokinesis (26). Al-
though FtsZ is highly conserved among various bacteria, positive
regulators of FtsZ, many of which appear to have overlapping or
redundant functions, display remarkable variability. Divergence
in FtsZ CTV sequences and perhaps FtsZ assembly properties may
offer a partial explanation for the diversity in FtsZ stabilizers.

Below, we discuss the role of positive regulators in FtsZ assem-
bly and stability in three well-studied species, E. coli, B. subtilis,

and C. crescentus. For the purpose of this review, we define positive
regulators of FtsZ as proteins that localize to the future site of
division and aid in tethering FtsZ to the membrane and/or pro-
moting lateral bundling among FtsZ protofilaments or inducing
specific conformational changes in FtsZ protofilaments.

FtsA

FtsA is a widely conserved membrane binding protein that be-
longs to the actin/Hsp70/sugar kinase superfamily of proteins and
can bind ATP with low affinity (39). As yet, it is unclear whether
the FtsA-nucleotide interactions are physiologically relevant (40).
The 3D structure of Thermotoga FtsA resembles actin, although it
displays a different subdomain architecture: domains 1a, 1c, 2a,
and 2b remain, with the deletion of domain 1b and addition of
domain 1c (41). Very recently, it was demonstrated that Thermo-
toga FtsA can indeed polymerize into a canonical actin-like proto-
filament in the presence of nonhydrolyzable ATP or lipid mono-
layers (42). Of note, Streptococcus pneumoniae FtsA assembles into
large polymers that are unlike actin and differ from the FtsA bun-
dles and sheets observed in the Szwedziak et al. study (43). More-
over, the molecular details of how S. pneumoniae FtsA intersub-
unit contacts within a protofilament differ and the relevance of
such FtsA structures in vivo are not yet determined.

In E. coli, FtsA localizes to midcell in an FtsZ-dependent man-
ner and tethers FtsZ to the membrane via interactions with the
FtsZ CTT (Fig. 1B and 2A) (34, 44–46). Genetic screens in E. coli
and biochemical data from Thermotoga support a role for FtsA
domain 2b in mediating the FtsA-FtsZ interaction (42, 46). The
FtsA membrane-targeting sequence (MTS) can be replaced by the
MalF transmembrane domain or MinD MTS and remain func-
tional for cell division, suggesting that the role of this sequence is
limited to membrane binding (47, 48). FtsA domain 1c has a role
in self-interaction and the recruitment of downstream division
proteins in E. coli (41, 48–54).

In E. coli, in addition to FtsA, ZipA (discussed below) can
tether FtsZ to the membrane, stabilize FtsZ, and recruit down-
stream division proteins. The assertion that FtsA is the primary
factor required for anchoring FtsZ to the membrane in E. coli is
supported by the following lines of evidence: the broad conserva-
tion of FtsA, the ability of Z rings to assemble in the absence of
ZipA, the ability of a gain-of-function ftsA mutant, FtsA*
(R286W), and other functional ftsA mutants with reduced self-
interaction to bypass the need for ZipA, and the direct interaction
between FtsA and some downstream proteins (3, 52, 55–58). In
addition to its role in FtsZ assembly, genetic studies infer that FtsA
and the FtsA* mutant enhance Z ring integrity in vivo (48, 56,
59–61).

E. coli FtsA lacking the membrane-targeting sequence can form
cytoplasmic rods or filaments in vivo (48). In a screen for FtsA
mutants that do not form such cytoplasmic filaments, several mu-
tants, including ftsA*, were identified (55). These mutants dis-
played decreased FtsA self-interaction, as determined by protein-
protein interaction assays in yeast, were able to bypass the
requirement of ZipA, and mapped to the oligomerization inter-
face in the FtsA protofilament, indicative of their involvement in
FtsA self-interaction (42, 55). However, the FtsA mutants with
reduced self-interaction behaved differently when their functions
were characterized in the context of the full-length protein in E.
coli and B. subtilis. In E. coli, self-interaction ftsA mutants dis-
played a gain-of-function phenotype, potentially due to an in-
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creased efficiency of downstream division protein recruitment by
the free 1c domain of FtsA (55). In contrast, in B. subtilis, ftsA
self-interaction mutations display a loss-of-function phenotype,
suggesting that at least some level of FtsA self-interaction pro-
motes cytokinesis (42). Therefore, while it is clear that FtsA is
required to tether FtsZ to the membrane and that it likely plays a
role in Z ring stability, at present, there are differing views about
the precise role of FtsA-FtsA self-interaction in cytokinesis.

The biochemical and biophysical characterization of FtsA has
long been hampered by the tendency of the native protein to form
nonfunctional aggregates, although a recent advance in purifying
FtsA from inclusion bodies may have the potential to change this
(62). Intriguingly, purified FtsA* depolymerized FtsZ filaments in
an ATP-dependent manner, a function that appears discordant
with its role in promoting Z ring integrity in vivo (63).

In B. subtilis, FtsA colocalizes in a helical pattern with FtsZ
during vegetative growth (64). While FtsA is not essential for veg-
etative division, cells lacking FtsA are defective for cytokinesis,
forming long filamentous cells with very few Z ring assemblies
(64–66). A deletion of the Caulobacter FtsZ CTT leads to a loss in
FtsZ-FtsA interaction, leading to speckled FtsZ localization in
cells, consistent with FtsZ CTT being the interaction site for FtsA
(67) (Fig. 1B). However, unlike E. coli and B. subtilis, FtsA in
Caulobacter is not an early recruit to the future site of division and
arrives only after Z ring assembly has occurred (17, 68). In Cau-
lobacter, FtsA levels are closely linked to the cell cycle, and this is
likely why FtsA arrives late to the divisome (17, 69). In toto, results
from B. subtilis and Caulobacter suggest that other proteins may
have functionally overlapping roles with FtsA in tethering FtsZ to
the membrane in these species (Fig. 2B and C) (5, 17).

ZipA

ZipA homologs are found only in Gram-negative gammaproteo-
bacteria, although functional orthologs likely exist in other bacte-
ria (57, 58, 70). ZipA is an essential bitopic integral inner mem-
brane protein comprised of a large cytoplasmic domain linked to
a single N-terminal transmembrane domain via an extended
linker (58). ZipA functionally overlaps with FtsA in tethering FtsZ
to the membrane in E. coli (Fig. 2A). Like FtsA, ZipA binds con-
served residues in the FtsZ CTT and recruits downstream division
proteins (Fig. 1B) (44, 45, 71, 72). The C-terminal domain of ZipA
can localize to the midcell septum in an FtsZ-dependent manner
(73).

In addition to its role in tethering FtsZ to the membrane, cy-
tological and genetic evidence support a role for ZipA in stabiliz-
ing the Z ring. Although FtsZ rings can still assemble in ZipA-
depleted filaments, they do so with lower frequency and greater
variability than wild-type cells (35). Furthermore, a 2-fold in-
crease in ZipA abundance suppresses the thermosensitivity of the
FtsZ84 (Ts) polymerization-defective mutant (57). Of note, mod-
erate overexpression of the ZipA bypass mutant FtsA* is unable to
rescue the thermosensitivity of FtsZ84 (61), indicating that FtsA*
does not substitute for all ZipA functions and that FtsA and ZipA
likely have discrete functional roles with respect to E. coli FtsZ.
However, an FtsA-FtsA tandem fusion is able to suppress FtsZ84
thermosensitivity, providing evidence in support of a model that
some level of FtsA self-interaction promotes division efficiency in
E. coli.

In vitro, ZipA stabilizes polymers of both wild-type FtsZ and
FtsZ84 in sedimentation assays mediating the formation of large

bundled networks of FtsZ polymers (Fig. 3) (57, 73). The precise
mechanism by which ZipA promotes FtsZ bundling is unclear,
although it is hypothesized that the ZipA-FtsZ interaction is pre-
dominantly hydrophobic (74). The C-terminal domain of ZipA
alone is necessary and sufficient to interact with and bundle FtsZ
in vitro (73). The structure of the ZipA C-terminal domain was
determined by solution nuclear magnetic resonance (NMR) and
revealed a split beta-alpha-beta motif, common among RNA
binding proteins, with a six-stranded beta sheet aligned against
three alpha helices (75). A structure of the 17-amino-acid FtsZ
CTT peptide in complex with ZipA revealed that the FtsZ peptide
binds a solvent-exposed hydrophobic cleft in ZipA, with a major-
ity of the binding affinity provided by a few key conserved residues
(75). Interestingly, the structure of the FtsZ CTT peptide bound to
ZipA is not identical to the structure of FtsZ CTT bound to FtsA
(42, 75). The binding sites of FtsZ CTT on FtsA and ZipA are also
dissimilar (42, 74, 75).

It is postulated that in Bacillus, which lacks ZipA, the FtsZ-
interacting protein SepF (discussed below), and the FtsZ inhibitor
EzrA, which is topologically very similar to ZipA, may perform a
role analogous to that of ZipA by tethering FtsZ to the membrane
(Fig. 2B) (5, 76). However, the narrow conservation of ZipA, in
addition to the ability of ftsA* and other ftsA mutants to bypass its
requirement in E. coli, leaves the basis of ZipA essentiality unclear.
A recent study has addressed this question. Observing that ftsA
mutants that bypass ZipA display lower self-interaction, it was

FIG 2 Diagrammatic representation of proteins that localize at the site of
future division in E. coli (A), B. subtilis (B), and Caulobacter (C) and promote
the Z ring assembly and stability during the first step in bacterial cytokinesis. Z,
FtsZ; E, FtsE; X, FtsX; IM, inner membrane; PG, peptidoglycan; OM, outer
membrane. ZapB is oligomeric in solution and has been reported to form a
ring-like structure (not shown) with a smaller radius than that of the Z ring in
E. coli. EzrA, a negative regulator of FtsZ in Bacillus, is included because of its
putative role in tethering FtsZ to the membrane. In Caulobacter, FtsA is a late
recruit to the divisome.
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reasoned that ZipA might disrupt FtsA self-interaction in wild-
type E. coli and that such ZipA-mediated reduction of FtsA self-
interaction is perhaps essential for cytokinesis (55).

FtsEX

FtsE (an ATPase) and FtsX (membrane binding domain) form an
ATP binding transporter-like complex and are broadly conserved
in bacteria (77). E. coli FtsEX is a divisomal component essential
only under low-osmolarity conditions (77, 78), and recently, its
precise molecular role in cytokinesis was elucidated (79). FtsX
recruits EnvC, an activator of cell wall amidases AmiA and AmiB,
to the midcell division site (79). FtsX regulates EnvC-mediated
activation of the amidases through conformational changes in-
duced by the ATPase activity of FtsE (79). A similar role for FtsEX
in peptidoglycan separation in Gram-positive Streptococcus pneu-
moniae has also been described, indicating that regulation of cell
wall remodeling may be a conserved feature of FtsEX (80).

In addition, various lines of evidence argue for the involvement
of FtsEX in promoting FtsZ assembly and stability at the site of
future division. FtsX bearing an N-terminal green fluorescent pro-
tein (GFP) tag localizes to midcell dependent on FtsZ, FtsA, or
ZipA but independent of downstream division proteins (Fig. 2A)
(77). Overexpression of FtsQAZ can rescue growth defects in ft-
sEX mutants in low-osmolarity medium (78). Deletion of ftsEX
exacerbates growth defects in most cell division genes, including
ftsA12 (Ts) (78). Finally, FtsE has been observed to coimmuno-
precipitate with FtsZ (81). However, FtsE does not appear to in-
teract with FtsZ CTT in E. coli, a docking site shared by many
positive and negative FtsZ regulatory proteins (81) (Fig. 1B). This
suggests a distinct mode for FtsE-mediated Z ring stability.

In B. subtilis, FtsEX contributes to the precise spatiotemporal
activation of sporulation and promotes the switch from a medial
to a polar septum formation by a molecular mechanism that is as
yet undetermined (82). Nonetheless, consistent with its distinct
role in B. subtilis versus E. coli, B. subtilis FtsEX is localized all
around the cell membrane and not exclusively to the future site of

division (82). Under vegetative growth conditions, an ftsEX mu-
tant does not exhibit impaired cell division or growth phenotypes
(82). Furthermore, high salt concentrations do not rescue the spo-
rulation phenotype of an ftsEX mutant (82). Strikingly, in Caulo-
bacter, FtsEX is recruited to the division site prior to FtsA (17).
Therefore, in Caulobacter, FtsEX makes for an attractive candidate
for tethering FtsZ to the membrane during the initial stages of Z
ring assembly (Fig. 2C) (17). Taken together, these results suggest
that while broadly conserved, FtsEX may serve specialized roles in
cytokinesis in diverse bacterial species. An alternative possibility is
that FtsEX performs the same function across different species,
but mutations in ftsEX have distinct outcomes, as the divisome
machinery is assembled differently in diverse bacteria.

ZapA

ZapA was first identified in B. subtilis, and orthologs are present in
most bacteria, including in mitochondria of a primitive red alga
(83, 84). ZapA localizes to the midcell dependent on a direct in-
teraction with FtsZ and remains dynamically associated with the
cytokinetic machinery throughout the cell cycle but is not essen-
tial for cell division or viability (Fig. 2) (83, 85–87).

Genetic data from E. coli support a role for ZapA in promoting
Z ring stability. Cells overexpressing or lacking ZapA exhibit loose
helical Z rings (85, 87, 88). In the absence of ZapA, cells show mild
elongation phenotypes (85, 87). Furthermore, a zapA mutant,
when combined with conditional mutations in ftsA or zipA or with
mutations in other positive FtsZ regulators—zapB, zapC, or zapD
(discussed below)— or in the presence of the polymerization-de-
fective FtsZ84, reveals synthetic sick phenotypes in E. coli (36, 37,
87). These synergistic division phenotypes highlight the critical
need for maintaining a precise balance among the levels of FtsZ
regulators for optimal division efficiency. Additionally, the gain-
of-function ftsA* mutant is able to suppress the zapA defect in cell
division, suggesting that it may have a partially redundant role
with ZapA. In vitro, however, the effects of ZapA and FtsA* on
FtsZ polymers are different. ZapA promotes FtsZ stability (dis-

FIG 3 Diagram (top) and representative electron micrographs (bottom) of the effects of various positive regulators on the higher-order structures of FtsZ
polymers in the Z ring. Blue circles represent FtsZ monomers, and solid green circles or rings represent various FtsZ stabilizers in different species. From left to
right: FtsZ in the presence of E. coli ZapA shows cross-linked or bundled polymers, reprinted from reference 85 with permission from the American Chemical
Society; FtsZ in the presence of E. coli ZapD shows bundled FtsZ polymers, reprinted from reference 37 with permission; FtsZ in the presence of Bacillus SepF
shows FtsZ tubules (horizontal white arrowheads) and SepF rings (vertical white arrowheads), with images courtesy of Leendert Hamoen and reprinted from
reference 76 with permission from Nature Publishing Group; and FtsZ in the presence of Caulobacter FzlA shows curved FtsZ polymers (white arrows), reprinted
from reference 105 with permission from Elsevier. Note that ZapD-mediated FtsZ bundles are shown as a representative image of FtsZ polymer bundling by
various FtsZ regulators. Scale bars from left to right: 100 nm, 200 nm, 50 nm, and 100 nm.

Minireview

May 2013 Volume 195 Number 9 jb.asm.org 1863

http://jb.asm.org


cussed below), while FtsA* stimulates FtsZ depolymerization in
vitro (63, 87).

As predicted from its in vivo function, ZapA promotes Z ring
stability by bundling FtsZ protofilaments in vitro with a concom-
itant decrease in FtsZ GTPase activity but with no conformational
changes in the bound nucleotide (85, 89). Consistent with a role
for ZapA in FtsZ lateral bundling, in vitro evidence suggests that
ZapA binds to FtsZ in competition with the FtsZ inhibitor MinC,
which, in part, prevents FtsZ lateral associations (Fig. 1B) (90).
Recently, ZapA’s role in cross-linking FtsZ protofilaments was
described from quantitative rheometry and measurements of
phase angles of FtsZ networks (87). Notably, electron microscopy
images of ZapA-mediated FtsZ bundles reveal parallel FtsZ poly-
mers, suggesting that ZapA-mediated cross-linking perhaps does
not align FtsZ filaments at various acute angles (Fig. 3).

Depending on concentration, ZapA is either a dimer or
tetramer in solution and does not form higher-order structures by
itself (91). The crystal structure of ZapA reveals two antiparallel
dimers interacting with each other through coiled-coil C-terminal
domains (91). ZapA interacts with another FtsZ regulator, ZapB
(discussed below), through its coiled-coil domain and with FtsZ
through its globular domain (88, 91). Based on the endogenous
concentrations of ZapA in E. coli, the association of nearly all
cellular ZapA with the midcell Z ring, the molar concentrations
which increase the stiffness of FtsZ networks in biophysical exper-
iments, and the ability of a dimeric ZapA mutant to bind but not
bundle FtsZ polymers, it is likely that the ZapA tetramer is the
physiologically relevant oligomeric form in the cell (85, 87, 89).

In B. subtilis, cells lacking ZapA are sensitive to reduced levels
of FtsZ or the absence of the FtsZ inhibitors MinC, EzrA, and
DivIVA, suggesting that the role for ZapA in promoting Z ring
stability may be conserved (83). Furthermore, in B. subtilis, over-
expression of ZapA is able to suppress the loose helical Z ring
phenotype of the FtsZ (Ts1) mutant at the nonpermissive temper-
ature (92). This suggests that ZapA mediates bundling of FtsZ
polymers in vivo. In contrast, the division defect of the FtsZ (Ts1)
mutant cannot be rescued by deletion of the FtsZ inhibitor minC,
which has been shown to disrupt FtsZ lateral bundling (92, 93).
These data suggest that perhaps ZapA-mediated FtsZ lateral bun-
dling alone is not sufficient to account for the suppression of the
FtsZ (Ts1) phenotype. Given the role of ZapA in cross-linking
FtsZ protofilaments in E. coli, it was proposed that it is not the
bundling activity of Bacillus ZapA per se but perhaps the cross-
linking function that plays a more prominent role in coalescing a
helical Z ring in the cell (87). Interestingly, the abundance of ZapA
in B. subtilis is much lower than that in E. coli, suggesting that
ZapA perhaps does not play as key a role in FtsZ polymer bundling
in B. subtilis. In support of this suggestion, it was recently shown
that a chimeric E. coli FtsZ fused to B. subtilis CTV residues is able
to form lateral associations independent of ZapA in vitro (26).

ZapB

The gene encoding ZapB, which is restricted to the gammaproteo-
bacterial class, was initially isolated in a plasmid destabilization
screen to identify host factors that in multicopy would interfere
with plasmid partitioning systems (86). ZapB was subsequently
determined to be a Z ring stabilizer that colocalizes with FtsZ at
midcell and is recruited to the divisome by ZapA (Fig. 2A) (38,
86). Overproduction of ZapA but not ZapC, another positive reg-
ulator of FtsZ (discussed below), delocalizes ZapB, consistent with

a role for ZapA in recruiting ZapB to the midcell (38). Although
cells are viable, a deletion of ZapB results in modest cell elongation
and aberrant Z ring assemblies in a fraction of the population (86).
In the presence of the inefficiently polymerizing FtsZ84, cells lack-
ing ZapB display exacerbated defects consistent with a role for
ZapB in stabilizing the Z ring during the early stages of division
(86). ZapB can mediate Z ring stability even in the absence of
ZapA, suggesting that ZapB may function by two separate mech-
anisms in cytokinesis (38).

ZapB, unlike ZapA, is a homodimeric antiparallel coiled-coil
protein without globular domains (86). Purified ZapB spontane-
ously forms oligomeric structures in vitro (88). The ZapB N-ter-
minal domain interacts directly with ZapA; ZapA-ZapB binding
leads to increased ZapB sedimentation and bundling in vitro (88).
ZapB copellets with FtsZ but only in the presence of ZapA, indi-
cating that ZapA links the FtsZ-ZapB interaction (38). Sedimen-
tation and light scattering assays with purified ZapA, ZapB, and
FtsZ show that increased concentrations of ZapB, but not of a
ZapB mutant (ZapB S4A L5A) that is unable to bind ZapA, re-
duced the quantity of polymeric FtsZ in the pellet, indicating that
the ZapA-ZapB interaction competes with the ZapA-FtsZ interac-
tion (88). While the endogenous concentrations of ZapA, ZapB,
and FtsZ are nearly equal to each other in E. coli, the physiological
implications of the predicted stronger association of ZapA with
ZapB on ZapA-mediated FtsZ lateral associations are yet to be
determined.

In addition to aberrant Z ring assemblies and division defects,
overexpression of ZapB induces nucleoid condensation (86).
ZapB, anchored to the Z ring by ZapA, was recently shown to
interact with the chromosome-structuring factor MatP (94).
MatP binds and compacts the Ter macrodomain (Ter MD) of the
E. coli chromosome, ensuring proper mobility and segregation of
this region of the DNA (94). The ZapB-MatP interaction may
therefore link replicated chromosomes by their Ter MD to the
midcell Z ring in E. coli (94). Furthermore, the double mutants
matP zapA and matP zapB display exacerbated defects in nucleoid
segregation, indicating a potential role for ZapB in coordinating
chromosome segregation and division (94). Interestingly, ZapB-
GFP fusions accumulate into rings of a smaller diameter than Z
rings in E. coli (38). The precise physiological relevance of such a
ZapB ring structure is unclear but may serve to bridge chromo-
some segregation with septum constriction in this species. How-
ever, the ZapB-MatP interaction is not essential for chromosome
segregation, suggesting that it may be critical only under specific
growth conditions (94). Gammaproteobacterial species, such as E.
coli, lack the parABS-type mitotic spindle (as seen in Caulobacter),
and the capture extrusion model of chromosome segregation (as
seen in B. subtilis) is unlikely in these species (95, 96). Therefore,
the putative additional role of ZapB in chromosome segregation
can perhaps explain the limited conservation of ZapB in E. coli and
related species.

ZapC AND ZapD

Recently, two additional nonessential division proteins, ZapC and
ZapD, have been identified in E. coli (36, 37, 97). Although
ZapABCD proteins have overlapping functions in stabilizing FtsZ
protofilaments, they do not share any primary sequence identity
and belong to the growing group of proteins classified as FtsZ
ring-associated proteins (Zaps). ZapC is restricted to gammapro-
teobacteria, while ZapD is found in gammaproteobacteria and
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some betaproteobacteria (36, 37, 97). ZapC and ZapD localize to
the midcell division site dependent on FtsZ but not on down-
stream division proteins, indicating that they are part of the early
divisomal complex (Fig. 2A) (36, 97).

ZapC is not essential for viability, but cells lacking ZapC ex-
hibit mild increases in cell lengths (36, 97). Absence of ZapC in
cells lacking ZapA, ZapB, or both leads to mild elongation in cell
lengths, suggesting a role for ZapC in Z ring stability (36, 37).
Consistent with this contention, cells lacking ZapC display en-
hanced sensitivity to overexpression of the FtsZ inhibitor MinC
compared to the wild type (36). Overexpression of ZapC causes
aberrant hyperstable FtsZ structures but does not affect localiza-
tion of ZapB, suggesting that ZapB and, therefore, ZapA localize
independently of ZapC to the midcell divisome (36, 88, 97).

In vitro, ZapC binds FtsZ directly, enhances FtsZ assembly into
protofilament bundles (Fig. 3), and reduces FtsZ GTPase activity
(36, 37). ZapC appears monomeric, but given its role in bridging
FtsZ protofilaments, it is likely to form higher-order structures in
vivo (36, 97). A ZapC mutant (ZapC L22P) that oligomerizes in
solution and does not promote FtsZ bundling in vitro is unable to
interact with FtsZ in vivo (36). Interestingly, a genome-wide pro-
teomic analysis of ClpXP substrates in E. coli revealed that ZapC
might be a target of this protease (98). Given that FtsZ itself is a
ClpXP substrate in E. coli (99), proteolysis of FtsZ-interacting pro-
teins, such as ZapC, may add another layer of regulatory control to
FtsZ assembly/disassembly processes in E. coli.

Similar to cells lacking individual Zap proteins, cells with a
zapD deletion display no significant changes in cell viability and
division (37). However, a zapD deletion in cells with the poly-
merization-defective FtsZ84 (Ts) shows decreased viability and
filamentous cells at the permissive temperature, supporting the
role of ZapD as a positive regulator of FtsZ in vivo (37). In accor-
dance, overexpression of ZapD leads to filamentation with aber-
rant hyperstable Z ring morphologies (37). Furthermore, consis-
tent with ZapD’s role in Z ring stability, synergistic division
defects are seen upon removal of ZapD and ZapA (37). In vitro,
purified ZapD binds FtsZ directly and promotes FtsZ polymer
bundling with a concomitant decrease in FtsZ GTPase activity
(Fig. 3) (37). In agreement with the predicted role of ZapD in
linking two FtsZ protofilaments, ZapD is oligomeric in solution
and the crystal structure of a close homologue in Vibrio parahae-
molyticus also reveals a dimer (100).

While ZapC and ZapD each bind FtsZ in a protein-protein
interaction assay in yeast, only ZapD binds the FtsZ CTT, suggest-
ing that each protein binds discrete FtsZ sites and may promote Z
ring stability by distinct molecular mechanisms (Fig. 1B) (37).
Whether ZapC and ZapD are differentially regulated and whether
they perform additional roles in other cellular functions are as yet
undetermined.

SepF

Initial studies in Streptococcus and Synechococcus showed that sepF
mutants had marked cell division defects, suggesting a role for
SepF in cell division (65, 101, 102). The gene for SepF (ylmF) is
located in a broadly conserved gene cluster in most Gram-positive
bacteria (103). SepF interacts with itself and FtsZ in a yeast two-
hybrid assay, suggestive of a role in the Bacillus divisome (103).
Bacillus sepF mutants display modest cell division defects with
aberrant septa, suggesting a unique role for SepF compared to
other known FtsZ regulators (103). The precise stage of division in

which SepF acts is unclear. A SepF-GFP fusion localizes to the
division plane in either transverse bands or foci dependent on
FtsZ but not the late-assembling division components, suggesting
that SepF is part of the early divisomal complex (Fig. 2B) (103).
Moreover, sepF ftsA double mutants in B. subtilis are synthetic
lethal and do not form Z rings, implying a role for SepF in Z ring
assembly (65, 103). Furthermore, overproduction of SepF sup-
presses the division defects of ftsA null cells, consistent with par-
tially overlapping roles for SepF and FtsA (65). In contrast, genetic
evidence demonstrates that depletion of SepF in the absence of
EzrA does not prevent Z ring assembly or recruitment of down-
stream division proteins, arguing for a role for SepF in the later
stages of division (103). In addition, unlike other positive FtsZ
regulators that act early during cytokinesis, removal of SepF in
cells with reduced FtsZ levels does not lead to synergistic division
phenotypes (103).

Purified SepF promotes polymeric FtsZ structures with no
marked changes in FtsZ GTPase activity, which is unusual given
that increases in FtsZ bundling via regulatory proteins, molecular
crowding agents, or higher concentrations of FtsZ all lead to re-
duced GTPase activity (76). In vitro, SepF can bind the CTT of
either B. subtilis or E. coli FtsZ, indicating that the SepF-FtsZ in-
teraction is dependent on the secondary and tertiary structure of
the FtsZ CTT rather than specific amino acid residues (Fig. 1B)
(104). Electron micrographs of purified SepF show large regular
ring-like structures (76). Remarkably, at a physiologically relevant
ratio of SepF and FtsZ, SepF rings bind FtsZ protofilaments into
regular tubule-like structures (Fig. 3) (76). SepF-promoted FtsZ
tubules form curved ends that are similar to frayed microtubules
(76). However, microtubule-like dynamic instability is not seen
with SepF-mediated FtsZ tubules, as they disintegrate over their
entire lengths after prolonged reaction times (76). FtsZ lacking
CTT sequences cannot form tubules in the presence of SepF, con-
sistent with FtsZ CTT being the SepF interaction site (76).

The structural organization of SepF-mediated FtsZ tubules
and the precise function they orchestrate in vivo are not known. A
C-terminal mutant SepF (G135N), which interacts with FtsZ but
forms only linear, not toroidal, SepF structures in vitro, cannot
support growth in the absence of ftsA, suggesting that SepF rings
may organize FtsZ protofilaments in the Z ring (76). Perplexingly,
overexpression of either wild-type SepF or SepFG135N compen-
sates for an ftsA deletion, suggesting that FtsZ tubule formation
function is likely not shared by FtsA (76). Perhaps under these
conditions, SepF-FtsZ or SepFG135N-FtsZ interaction competes
with FtsZ negative regulators for binding FtsZ and thereby sup-
presses the loss of FtsA. Nonetheless, the limited conservation of
SepF in species with thick peptidoglycan cell walls suggests that
SepF-mediated FtsZ filament arrangements are likely to be bene-
ficial to the developmental life cycle in these bacteria (76).

FzlA AND FzlC

FzlA (FtsZ-localized protein), which belongs to the glutathione
transferase (GST) family of proteins, and FzlC were discovered
and characterized in Caulobacter and are conserved in alphapro-
teobacterial species (105). Purified FzlC binds FtsZ in vitro but is
not essential for viability or growth of Caulobacter (105). On the
other hand, depletion of FzlA leads to filamentous Caulobacter
cells without constrictions, indicating that FzlA is critical for divi-
sion (Fig. 2C) (105). Similar to other division proteins in Caulo-
bacter, FzlA transcript and protein levels are cell cycle regulated;
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highest levels of FzlA relative to FtsZ are found prior to and during
Z ring assembly (105). However, in cells lacking FzlA, FtsZ assem-
bly and downstream division protein recruitment are not im-
pacted, indicating that FzlA is not required for these steps (105).
Overproduction of FzlA leads to hyperstable compact foci of FtsZ
and inhibition of division (105). Consistent with its role in pro-
moting FtsZ stability, FzlA antagonizes the role of MipZ, an FtsZ
inhibitor in Caulobacter that spatially constrains FtsZ to the divi-
sion site (105, 106).

In vitro, FzlA promotes FtsZ polymerization with a corre-
sponding inhibition of FtsZ GTPase activity (105). Strikingly, vi-
sualization of FzlA-induced FtsZ polymers at a 2:1 ratio of FzlA/
FtsZ reveals helical arcs and bundles with a defined geometry that
suggests two FtsZ filaments sandwiching a FzlA filament (Fig. 3)
(105). Whether FzlA-induced filament curvature occurs in the cell
and whether such filament curvature generates a constriction
force or has other physiological relevance remain to be elucidated.
In addition to previously known bundlers and cross-linkers, FzlA
represents a third category of FtsZ stabilizers: shapers of FtsZ fil-
ament curvature.

CONCLUDING REMARKS

The organization of a stable yet dynamic Z ring during the early
stages of bacterial cytokinesis appears to be a conserved feature in
bacteria. Yet the FtsZ-interacting proteins that enable FtsZ to co-
alesce into a tight-pitched cytokinetic ring at the site of future
division vary considerably between bacterial species. The question
remains why different species exhibit such diversity in regulating
the assembly and stability of the highly conserved FtsZ. Plausible,
but not mutually exclusive, possibilities include the following. (i)
The role of different positive regulators on FtsZ may be in accor-
dance with the specific needs of the organism. SepF, for instance, is
restricted to bacteria with thick cell walls, and SepF-mediated Z
ring organization may be of particular benefit in cell constriction
in such species. (ii) Multiple stabilizers with the same apparent
function in Z ring stability in one species, such as the Zap proteins
in E. coli, may display significant differences in the molecular
mechanisms of how they achieve such stability. Perhaps such dis-
tinctions serve to increase division efficiency and serve as fail-safe
systems for a critical cellular process. (iii) FtsZ stabilizers may be
regulated differentially, thereby imparting flexibility to the assem-
bly of a stable division machinery under various environmental
conditions. While ZapC and ZapD exhibit a similar function—
that of promoting Z ring stability in E. coli—the gene encoding
ZapD is part of a conserved operon with coaE, a dephospho-co-
enzyme A (CoA) kinase, and perhaps yacG, an endogenous DNA
gyrase inhibitor, raising the possibility that zapD is regulated. (iv)
Positive regulators of FtsZ may participate in additional cellular
functions by mediating interactions of FtsZ with other proteins. It
was recently determined that ZipA is required for FtsZ-dependent
cell wall synthesis at midcell during the transition from cell wall
elongation to septum invagination in wild-type E. coli (107). It is
unlikely that a specific interaction between preseptal synthesis
components and ZipA is needed since preseptal peptidoglycan
synthesis takes place in the ftsA* bypass allele. Nonetheless, ZipA
serves as an example of a positive FtsZ regulator that, in addition
to its function in division, orchestrates a role in cell wall synthesis.

A common theme emerging from studies characterizing FtsZ
positive regulators in bacteria is that associations of FtsZ poly-
mers, through mechanisms of cross-linking, bundling, and curva-

ture modulation, likely have critical implications in the organiza-
tion of a stable Z ring during the initial stages of cytokinesis.
Consequently, furthering the understanding of the biology of such
positive FtsZ regulators and their interactions with FtsZ at molec-
ular and atomic details will aid us in parsing universal versus spe-
cies-specific aspects of Z ring assembly and stability during bacte-
rial division.
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